We have observed a high-field transition into a high-resistance state at filling factor v just below 2/7 in a high-density, high-mobility two-dimensional hole gas (2DHG). The state shows clear threshold behaviour consistent with a strongly pinned Wigner solid. The transition is at lower filling factor than the value of -0.37 recently reported by Santos et al. [7] for a low-density 2DHG, and higher than the value of ~0.22 usually found in equivalent 2D electron systems. Our experiment shows no indication of a re-entrant behaviour of the insulating phase. We believe that this may be the highest-carrier-density Wigner-transition observed.
At sufficiently low temperatures and low carrier densities a two-dimensional conductor is expected to undergo a transition into an insulating Wigner solid, WS. At zero magnetic field this should occur at a critical value of the ratio r~ = a/a B ~37 [1] , where a is the mean interelectron distance and a B is the Bohr radius. One thus expects the critical carrier density to be proportional to the effective mass, m*. In a magnetic field the carrier's zero point motion is confined to cyclotron orbits. In the high field limit a/lc becomes the parameter of importance (where the magnetic length l~ = ~/h/eB) which is independent of m*. The Wigner transition now occurs at a critical Landau level filling factor v c. Theory yields a high field value of v c --1/6.5 [2] . For conductors which are close to the Wigner transition at zero field, application of a magnetic field will lead to the transition occurring at larger filling factors than this asymptotic value. The form of the critical filling factor vc(rs) between zero and the high-field limit is as yet not accurately known [3, 4] . This is partly because the effective mass of the carriers also determines the importance of the inter Landau level, LL, mixing and the extent of the carrier wavefunction. For a given magnetic field the LL energy separation, h%, is inversely proportional to m*. For large m* and moderate magnetic field it can be small compared to the Coulomb energy and the fractional quantum Hall (FQH) energy gap A. In this situation A can be substantially reduced and the Wigner crystal can become the ground state. Defining an LL mixing parameter A as the ratio of A to the cyclotron energy, Yoshioka [5] estimates that close to v = ½ the WS becomes the ground state when A-6.
The situation is further complicated by the fact that at specific filling factors the FQH state can be the ground state even when one is at values of u below v c. Magnetotransport and optical experiments on 2D electrons in high-quality GaAs-(Ga, Al)As heterostructures [6] indicate that the Wigner transition occurs for v just above 1 (v 0.22). The FQH state still seems to be the ground state at ½ and one thus sees the re-entrant behaviour around 1. Very recently Santos et al. [7] have reported a possible Wigner transition in a high-quality low-density (0.4 × 1011 cm -2) 2D hole gas with an effective mass of --0.3m e. The transition starts at the much higher value of v--0.37 and is re-entrant around the ~-FQH state. Such samples have much larger values of r s than the corresponding electron systems, furthermore the LL mixing parameter of --5 is very large and is interpreted as the dominant factor leading to the large reduction in v c.
In this paper we present measurements on a 2D hole gas of much higher density. These have values of r s and A intermediate between those of typical 2D electron samples and those of Santos et al. [7] . Our results are consistent with the Wigner transition occurring at the intermediate filling factor of u ~ 0.28.
The Hall bar sample used was a GaAs-(Ga, A1)As heterostructure, grown by MBE on the (3 1 1)A plane of a semi-insulating substrate. Sample NU703P is doped with Si, which is incorporated as an acceptor on this plane. It has a hole carrier density of n = 1.4 x 10 ll cm 2 and a mobility of -200 000 cm2/V s. The hole effective mass, determined from cyclotron resonance experiments up to 18 T, is estimated to be 0.40m e at 22T [8] . Samples were contacted with Au(5 nm)-Zn(10 nm)-Au(200 nm) evaporated contacts annealed at -500°C giving contact resistances of less than 30 l-l. Transport measurements at low currents (--1 nA) and low frequencies (<10 Hz) were performed using isolated, battery-powered, bandpass pre-amplifiers and digital lock-in amplifiers. A hybrid magnet provided fields up to 25 T. Temperatures down to 50 mK were achieved by mounting the samples in the mixing chamber of a plastic tailed dilution refrigerator. It was possible, by pumping out the 3He from the dilution refrigerator, to provide further cooling to --30 mK for a period of a few minutes. Due to the small rapid field fluctuations in the Bitter magnet and the large vibrations induced by the cooling system for the Bitter magnet coils, it is possible that the 2DHG was not in thermal equilibrium with the mixing chamber; we estimate that the hole temperatures may be of order 20 mK higher than the mixing chamber. Plastic packages were used to hold the samples minimising eddy current heating inherent with metallic packages.
Noise levels were reduced through the use of fine twisted pair connections into the cryostat. It was found necessary to further limit noise levels by placing small (<300pF) capacitors across each twisted pair. For low field values this had a negligible effect upon the measurements; however, when the sample enters the insulating phase the AC impedance of the capacitor (--60 MI)) in parallel with the input impedance of the measurement system (-100 Ml)) provided a significant shunt to the measured sample resistance. The data presented here has been numerically corrected to allow for these effects.
In order to examine the pinning of the observed insulating state the AC differential resistance of the sample as a function of DC bias was measured at an excitation current of 1 nA. The DC bias was provided by mercury cells and a potential divider network. Care was taken to ensure that the net impedance of this circuit was large (--50M12) to reduce the shunting effects described above.
In fig. 1 weak temperature dependence down to --30 mK. These results contrast with those by Santos et al. [7] who demonstrated a re-entrant insulating phase around the ½ fraction at temperatures up to --150 mK. For T > 100mK the observed temperature dependence is consistent with activated behaviour with a gap energy rising to -350 mK.
In fig. 3 the Hall resistance Rxy is shown as a function of magnetic field at three different tem- peratures. The low-field trace A (0-10T) is taken at 50 mK and demonstrates good quantisation. The high-field (10-25 T) traces B, C and D are taken at 100mK, 150mK and 250 mK respectively. They all display a quantised plateau corresponding to the ½FQHE state. Strong divergence from the classical Hall curve is observed above 19 T. The temperature dependence of the divergence is analogous to that observed in Rxx (see fig. 2 ). By 250 mK the divergence is small, Rxx being almost exactly the classical Hall curve.
Again no anomolous behaviour is observed below ½ in contrast to Santos et al. [7] .
The AC differential resistance Rxx against DC bias voltage over the sample is shown in fig. 4 . It shows a family of curves taken at 50 mK at a series of fixed magnetic fields where Rxx shows insulating behaviour. At the field where one expects the 2 FQHE state we see only a very small dependence of Rxx upon bias to surprisingly large electric fields. This may be due to the rather flat dispersion relation of the holes which requires that one go much further in k-space to cause a given heating of the carriers. As one moves beyond the ~ into the insulating state a strong nonlinearity develops and a clear plateau is observed before the onset of breakdown of the high resistance state (--70mV, -70V/m). The breakdown threshold fields are very close to those found in high-quality 2D electron systems by Williams et al. [10] but seem to be much larger than those of Santos et al. [7] . Our Rxx, Rxy and threshold results are very similar to those taken as evidence for a WS around ½ in the 2DEG and around ½ in the low-density 2DHG and are consistent with a critical filling factor v c ~0.28. Transport measurement alone cannot uniquely associate the insulating state with the Wigner solid. We see essentially identical behaviour for different contacts and different sections of the same device so it is clearly a bulk effect characteristic of the 2DHG. It is however still possible that the observed transition is due to magnetic freeze-out. One argument against this is that one expects this to occur when the magnetic field has significantly reduced the extent of the carrier wavefunction. For the 2DEG the magnetic length becomes smaller than a B at --6 T and in high-quality samples freeze-out occurs at values large compared to this. The corresponding field for our sample is --220T which is very much larger than the field at which we observe the transition.
The hole-dispersion relationships show strong nonparabolicity and anisotropy leading to m* being dependent on B and the Fermi energy. The cyclotron hole mass has been determined to high accuracy in our material [8] . At B = 4.67 T, which is close to the insulating transition of Santos et al., m *= 0.304m e in agreement with their value [7] . By 18.2 T however this has risen to 0.389m e and extrapolation to B ~ 22 T gives m*~0.40me. For n=1.4×10 ~cm -2 we have r s ~ 9 which is a little lower than the value of --12 for the low-density hole gas and considerably higher than the typical value of --2 for the 2DEG. Similarly the values of A for our sample close to the observed transition is --3, compared to --5 for the Santos et al. [7] sample and -1 for the electron gases. It thus seems highly plausible that a Wigner transition should occur in our sample at a value intermediate between those observed in these other systems.
In conclusion we have observed a high-field transition into an insulating state at filling factor u just below ~ in a high-density, high-mobility two-dimensional hole gas (2DHG). The state shows well-defined threshold behaviour consistent with a strongly pinned Wigner solid. No indication of a re-entrant behaviour of the insulating phase is observed.
